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1. INTRODUCTION

This report describes reliable measurement techniques for source-'egion

EMP parameter measurements in the AURORA exposure room. Most of these

techniques were applied during the course of MRC's support of HDL experi-

ments under contracts DAAG-39-78-C-0026 and DAAG-77-C-0033.

General considerations for interferences in AURORA experiments are

described in section 2. Different classes of measurements are described

in sections 3, 4, and 5, The general principles of each measurement are
followed by interference considerations and specific design examples for

AURORA applications.

2. INTERFERENCES

Interferences (caused by energetic radiation, resulting electromagnetic

fields and currents) are a pervasive concern in the AUROPA exposure room.

The interferences can be clwised as: Compton transfer cu1 rnt
ionization-induced conduction, s!iield currents, and photon-induced cable

currerits. Each of the above inturferences are discussed below.

2.1 Comptoni Transfer Curreits

The AURORA generated Vrerstr-ahlung photon field is ccompanied

by a current of Compton electroas whose density is approxUilately described by
r For
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Jc Kc 6 (1)

where K. P 2x10' 8 (C/rad m2 ), and ? is the dose rate in rads(air)/s. The

Compton electrons are created by photon-matter interactions and are contin-

uously slowed down by ionizing collisions. While the equilibrium current

density is almost independent of material, objects placed in the photon

field can accumulate a net charge. A net charge occurs because of the pho-

ton field attenuation passing through the object, electron scattering at

interfaces, and the. small dependence of Compton current on atomic number.

The fractional imbalance from photon attenuation is described approxi-

mately by

f a 1 - eX/40 g/c 2  (2)

where X is the mass density of the object along the photon path.

Contributions from electron scattering and the dependence on atomic

number increase slowly with difference in atomic number. The increase is

approximately proportional to the mass density, up to the electron range

(• 0.3 g/cm2). For layers thick compared to the electron range, the net

current can be up to approximately 20 percent of the Compton current

generated within an electron range for large differences in atomic number.

2.2 Ionization-Induced Conduction

All materials exhibit enhanced conductivity while exposed to

ionizing radiation. A major area of concern is increased ctirrents across

reverse-biased semiconductor junctions This enhanced collector-base
leakage current or reverse-biased diode leakige curront is co n called

its primary photocuztent, Ippl The magnitude can be described by

I 6
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where Kp, varies upward by several orders of magnitude from; 10"12 C/rad

for low power (, 0.25 W) high-frequency devices (fT > 100 Miz), and D is

the dose rate in rad(Si)/s.

Air is also a conductor in an ionizing field. It's conductivity in the

presence of ionizing radiation is given by

ar Ka D (4)

where K, sx 3xO"1 1 mho s/rad m(approximate.value for damp air), and D is

the dose rate. The conductance across an air gap between conductors can be-

come less than the value calculated from this conductivity as space-charge

boundary layers build up.

The conduction in insulators is represented by the same formula (equa-

tion 4) with K varying from less than 10- 16 mho s/rad m in polystyrene

and polyethylene to 10"12 mho s/rad m in pure single-crystal sapphire. Poly-

mers tend to have the lowest values and are followed in order by glasses,

inorganic polycrystalline materials, and inorganic single-crystal materials.

There are also smaller delayed conductivity components that must be

considered for some applications, particularly ones in which total charge

conducted across an insulator is a relevant parameter.

2.3 Whield Currents

The AURO•A test tl1 enviro .-eit forces one to use shielded cables,

so that large currents induced on Cono•-pton -plactemn, c-

tric field coupling, and magnetic field coupling) flow on the shields rather

than on signal wires. Nevertheless, cable shields are imperfect and a frac-

tion of the current can appear in the signal circuit. Typicallyý, shield

currents can range from I am upward to several hundred amps. depending

7if C,
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on the location of the cable (cables laid close to metal surfaces and out of

the direct ionization field will have the smaller currents).

The effect of shield currents on the signal response can be estimated

using the cable transfer impedance, ZT, the signal voltage per unit length

per unit shield current. Typical values of ZT for various types of cables

versus frequency are shown in figure 1. For AURORA pulse shapes (f ' 4 MHz)

the trmasfer impedance of single-braid shield cables is ZT 0 0.050 ohm/m;

for double-braid shield cables ZT -- 0.001 ohm/rn. Therefore, the noise in-

duced on a typical P1 10 m single-braid shielded cable run from the test

cell to the data room by -I amp of shield current is 500 mV. This noise

can be decreased by surrounding the cable bundle by a solid metal shield.

It can be. significantly worse if the shield current is not led to a low-

impedance ground, and is allowed to flow onto the oscilloscope chassis.

2.4 Photon-Induced Cable Current

Ionizing 'radiation induces currents into cables by Compton cur-

rent transfer between the cable conductors and dielectric, and by conduction

across air-filled gaps. Conduction is particularly serious, because in

almost all cables small air-gaps exist (e.g., between shield wires and

dielectric) and the gaps are pre-biased by charge trapped in the dielectric.

Therefore, the magaitude and sign of the conduction are not accurately

predictable.

7The net effect on. cables is a current source in the sigual circuit

described by

I S~ 1L. (S)

Typical values of Kd are su~arized in table 1. The soAllest Values are

found in special "gapless" cables such as Aljac and Cujac. Next come solid

dielectric cables (e.g., RGSS. RG.213). Cables with deliberate gaps (e.g.,
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RG62) and foam dielectrics (e.g., RG331) exhibit the largest photon-induced

Currents.

Table 1. Typical Photon-Induced Cable Currents.

Cable Kd (C/rad-m)

RG-58 10"13

RG-11 (Triax) +10"13

RG-213 (Coax) +10"12

RG-59 (Coax) +10"12

3/4"e + 7/8" 10"11

Foam Coax R57

For a typical AURORA application using RG58 (Kd = 10 C/tad-m), a
1 m length of cable may be exposed at D = 10 rads/s, followed by 10 m at

109 rads/s (e.g., in a trench). The net current induced in RG58 would be

- 2 mA, creating a signal of .. ICO mV across a SOS termination (assuming
the source impedance is large compared to 50.

3. ELECTRIC FIELD AND VOLTAGE MEASUREMENTS

3.1 Potential Difference Technique

The most comon method of determining a vector component of
the electric field is to measure the difference in potential between two
electrodes. A limitation to this method is the degree to which the measuring
circuit perturbs the field being measured. For fast response, electrostatic
voltmeters cannot be used. Therefore, the acasuresmnt circuit dramns current
from the sensor, This current integrates to leave a not charge on the
electrodes, changing the electric field between them. Furthersore, the
electrodes. the associated wiring and signal-conditioning electronics
introduce coaactors that may perturb the field distribution.

-10



To minimize the perturbation of the electric field by conductors requires

that the sensor, the wiring, and the electronics metal surfaces be placed

along equipotential surfaces. This implies that they must be small compared

to the distance over which the electric field changes' and that the field

direction is known. For this reason, electric field measurements are most

readily performed next to flat conducting surfaces (e.g., the walls and

floor of the AURORA screen rom).

The effect of the measuring current on the field measurement can best

be analyzed using the configuration shown schematically in figure 2a. The

sensor electrodes have an area (A) and a spacing, d. They are connected
to a series resistance (Rs) and a signal-conditioning amplifier with input

resistance (Rd- If this sensor were subjected to a step function electric

field (E), the voltage appearing at tho amplifier input would be described by

yin ( RA )S E d. (6)

The current drawn from the sensors to establish this voltage is described by

Iin

As a result, the electrodes will accunulate ýharge and the electric field

between them will be decreased, Eventually enough charge will accumulate

on the electrodes to caiicel the electric field between thom. The -harac-

terlstic "ain. time is described by

where C - d, a-Ad C is the petmittivity O0 the *Aterial between the olec-

trtdes. C tquals the cipacitance betueen tsh- setsor electrodes. The equi v--

atent circuit. lio. in figure b, •presents this reswreso. As a isuIt,,

the voltage seaaitivity at the amplifier it~ut C"~ be expressed &S-

{ 11
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b) Equivaenot Circuit..

Figure 2. Electric field sensor.
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byfreu ~ in A. %... t/;r

This reainillustrates the tradeoff between sensitivity and response
tim fr scha sensor. The input resistance for the amplifier is limited
byfrqenyresponse. Tyialfor an amplifier input stray capacitane

of C theexponential rise time of the input signal is -F RAC.A. There-

fore, the input expression becomes

Vin Tr A E -t/r

and the sensitivity is directly proportional to the quotient of ris~e time

and fall time. For very fast rise times, the dimensions of the electrodes

(e.g., their area A) is also limited because of signal propagation effects.

It should be noted th~.t increasing the electrode spacing d, does not

improve the sensitivity since the series resistor Rhas-to be increased

proportionately to preserve the low~-frequancy response. Ihreasing the

eectrode area ca-n improve the se.nsitivity. This increased sensitivity v
is limited by the mauimw dimension over which the electic field is uni-

For a typicAl A1IRUPA sensor,

V 0nsr

LA u 3 p l

ThCA 1 ore
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Also, if interference in the output cable is sufficiently small, Rs can be

set equal to the cable characteristic impedance (e.g., 5OSI) and the ampli-

fier eliminated. This results in reduced sensitivity with AURORA pulse

widths. For the sensor described above,

in = Sx10- m. (12)
E

Interferences: result from radiation-induced Compton currents emitted

from the electrodes, photon-induced cable currents in the input cable,

and primary photocurrent in the input stage of the amplifier. If no

amplifier is used, photon-induced cable current in the output cable also

contributes significantly.

The Compton current from the electrodes charges the electrode capaci-

tance, simulating a rate of change of E. The apparent rate of change is

cipressed by

A (Compton) JLi JcAwd (1$)A d, ý_C e A (3

For this case we have assumed that a wire screen was used so that the area

of the Compton-emitting solid, Aw, is less than the total area of the elec-

trodes, A. If the resistor RS is placed at the electrodes, the photon-

induced current in the input cable produces a voltage across the amplifier

input resistor, RA, that adds to the primary photocurrent in the amplifier

input stage. Therefore,

AF.(Cable + Ipp) = (KdPJD * Kp(

For the above sensor, assume that the electrodes are screen (90 percent

open area) of 0.1 g/cmn2 thick Al wire, that the Compton current imbalance

between air and Al is approximately 10 percent, that the electrode spacing

is 0.03 m, and that the dose rate at the sensor is D = 109 rads/s. Then

14
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A!LEC tn 2x10-9 x(1/3).x 0-1 x 0.03 x (15dti Compton) 9o9X10.12 (1...

8
- 2x10 V/m-s.

At the end of a 10- s pulse accumulating a total dose of 102 rad, the error

in B is 20 V/rn. This error is approximately one percent of the fields

created in the AURORA test cell. At higher dose rates the error can be

significant.

Similarly, if one meter of RGS8 cable (with Kd = 1013 C/rad-m) is illum-
nated by D = 10 rads/s, and a preamp (with K 10"12 C/rad) is exposed

to 108 ra4/s (in a shielded location), then

-13 9 -12 8-

&E(Cable +pp) P i10 xl 109 +10-12 ) x3x10 (16)
0.3 x 9xlO"'

2

200 V/rm.

"This interference is approximately 10 percent of the fields in the AURORA

test cell.

3.2 Other Methods of Electric Field Measurement

A variety of other methods to measure the electric field have been

considered, particularly for applications in which neither electrode can

be at ground potential. The most pronising appear to be the following

methods.

1) Using electrodes and preamplifiers, such as those described in

section 2.2, to drive a high frequency (.. 100 M4z) volt,.ge-controlled

oscillator (VCO) and a wide-band fiber-opti.s (FO) link. The F0 link

provides dielectric isolation, and the VCO overcomes the problem of tran-

sient fluorescence and darkening -ue to radiation exposuve of the gl&ss

*, fibers.

!! I
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2) Using a Pockels cell. A suitable crystal, located at the position

at which the electric field is de-ired, is traversed by one to three

polarized light beams. Up to three electric field components can be deduced

from measurements of the rotation of the planes of polarization. The measure-

ments can all be performed in a shielded location, with mirrors to guide

the light beam(s), Effects of fluorescence in the air and crystal can be

eliminated by using a narrow wave)ength intense light source (e.g., a laser)

and an interference filter at the receiver. The seriousness of transient

darkening in the crystal needs to be investigated.

3.3 Vol taqe et.esurement

The voltage between a point and ground can be measured using the

method described in section 3.1. The key tradeoff is between the impedance

with which the measuring point is loaded (i.e., RS+R A must be sufficiently

large compared to the source impedance of the voltage source), the response

time (deteimined by RA) and the input capacitance of the amplifier, and the

sensitivity (which is proportional to RA/(RA+RS)I.

Interference is mostly from photon-induced cable currents and primary

photocurrent in the input stage of the amplifier. For the same values used

in section 2.2 (1 m of cable exposed to 109 xais/s, preamp exposed to 10

rad5/s) the error in the :measuring point voltage is given by

AV W 2xlO'4 RA+RS (17)

4. MEASUREMENTS OF MAGNETIC FIELDS AND CURRENTS

4.1 Magnetic Field Measurements

Tho most comon wethgd of detersining a magnetic field in AURORA

experiznts is to measure the voltage developed in a wire loop by the rate

:I
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of change of magnetic field. The basic configuration is shown schematically

in figure Sa. If we first neglect the magnetic field produced by the current

flowing in the loop, the output voltage generated by a rate r~f change of

magnetic field, B, is given by

V° AB. (18)

However, the output voltage produces a current I Vo/R across the load resis-

tor, which in turn produces a flux linking the loop of LI (L is the loop induc-

* tance). Therefore, the output voltage, including the field produced by the

currnt satisfies the equation

•dV°0 V (A B)- (19)

V0  B)~ dt

where - L,A. For a step function change in magnetic field (A3), the

.'utput is described by

iI. i..Vo .-A.B exp(-t/• T (

For a long ramp at a rate B, it is described by

/v wA • I. (21)

The equivalent circuit is shov.., in figure 3b. The equivalent circuit and

the equations illustrate that, for magnetic fields changing on a time scale

rapid compared to T, the sensor output is A ,B/r . For changes on a

time scale slow comared to T, it! is A * B, Ia other words, at high enough

frequencies it changes from a P to a B sensor amn the transition frequency

is detevmined by w s/• = tR/L.

The sensL- r loop illustraced in figure 3a has the shortcoming that it

also rzsponds to a changing electric field. When the electric field changes,

charge must move through the loop inductance to restore tl;, wire to its

previous voltage. An effective method to decreaws. the E-field sensitivity

17
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B
R57

a) Configuration.

LR VO

b) Equivalent circuit. R57

c) Noblus loop conifiguration.

Figure 3. Magnetic field sensor..
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and at the same time decrease the radiation response, is to use a balanced

Mobius loop (sbown in figure 3c). Two coax cable half loops are joined

at their ends by connecting each center conductor to the other's shield.

The symmetry of this arrangement is preserved by passing the signal through
a balun transformer before connecting to a single-ended recording device.
Tracing the circuit shows that there are effectively two turts around the

loop area A. This gives the sensor twice the sensitivity of the single
turn device of figure 3a (and also twice the self inductance).

li2 2
For a typical AURORA sensor with an effective loop area (A) of 3x10 m

and a self inductance (L) of 1 p, driving a terminated 50 ohm cable, the

sensitivity is expressed as

Vo(V) = 3x10 2 B(Weber/m 2 s)(A/m-s) (22)

and the effective sensor integration time is 20 ns.

The potential interference effects are due to ionization-induced con-

duction in the cable insulator and insulator at the Mobius loop crossover,
and photon-induced cable currents. Assuming the insulator thicknesses are

Im, the effective shtmt resistance produced in 1 . m of cable exposed

at 109 rads/s of insulator with K • 10"16 who s/rad m is , 105 Ohm. This
is very large compared to the SO ohm cable terminator. If we assume that

the balanced geometry casicels all but ten percent of the photon-induced

cable current, the net effect of a dose rate 0 on a length, 9, of cable

iis to place an additional current source in series with the voltage source
with an amplitude of 0.1 Kd6A (see figure 3b), For a photon pulse rise

time slow copared to t/R, the resultant output interference voltage looks
like a derivative of the radiation pulse, with amplitude described appr"oi-

mately by

19
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For an exposure of 10 m of RGS8 to a dose rate of 109 rads/s rising in 50 ns

and a sensor inductance of 1 pH, this becomes 2 mV. The equivalent error

in magnetic field accumulated by the time the dose rate achieves D is
described approximately by

4B 0.1 Kd6L/A . (24)

-9 2-
Por the sample problem above, the error in magnetic field is 3x10 Weber/m

This is very small compared to the magnetic fields at AURORA.

4.2 Surface Current Measurement

Measurement of surface current density (J follows directly from
the magnetic field measurement described in section 4.1. The magnetic field

near the surface is related to the surface current by

Bx = Ioasy (25)

where U 4nxlO H/m, the permeability of space. Therefore a sensor of

the type discussed in section 4.1, usually in the form o& a semicircle

with its axis in the plane of the surface, measures the rate of change of

surface current. Thuz, for rise times slow compared to r- L/R,

V0  o jAJ s (26)

The interference teras axe similar to those discussed in section 4.1

For a sensor-,with half the area and inductance as the example in section

4.1

V o(V) t ,Xo"8 Z-) (27)

02
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and the interference at D = 10 rads/s is

-3S3x10" Aim. (28)

4.3 Volume Current Density

The net current density in a small volume in the AURORA test cell
is determined by measuring the magnetic 2'tX linking a loop under controlled
boundary conditions. The geometry is illustrated in figure 4. A conducting
cylinder of radius, a, and length, Z, is placed with its axis parallel to
the current flow, Jv, to ba measured. A Mobius loop B detector (two turns)
is placed with one edge along the cylinder's axis, and the remaining edges
along radii at the ends and along the side wall. By symmetry, the azimuthal
magnetic field as a function of radius, r, is described by

.B - - - (29)

The sensitivity, for Jv vaxying slowly compared to L/R, is described by

1 2 2o j( d0vSV 7 u Z - • (d0)

The dominant interference terms are again photon-induced cable currents
and electron transfer to and from the cable shields, both of which are
partially cancelled by the symmetric Mobius loop configuration. In effect.
t ese currents produce an na4itional signal by the voltae they develop

across the laop inductance. Thus, the interference signal is described by

V - f *~Z.a)d J iL()

where f- i3 the fraction of the Compton current incident on the wire 'oop.

Sis the fraction of the photon-induced cable current producing an imbalanccd
sigiual, d is the thickness of the loop wire, and Le is the longth of cable



tI

j*1L4

R57

Figure 4. Volume current density sensor.
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exposed to radiation. As a result, an error in the measured volume current

-is described by

2 [fRKc(21+a)d + fcKdPc] LD
v = ( 32)• I~Uoa2

A typical AURORA sensor has dimensions of Z 0.5 m, a 0.25 m,
-3-~8 2d = 10 m, and L - 4 41. The sensitivity is V(V) = 2xlO8 dJv/dt (A/m2 s).

If we assume f =.c z 0.1, Zc. 10 m, and using Kc 210"8 C/rad m , the

interference at D 109 rads/s is

&J1 =0.7 A/m. (33)

V2
This compares favorably with the volume Compton current of J 20 A/m2

produced by the same 109 rads/s interacting with the air.

4.4 Measurement Of Current In A Conductor

4.4.1 Current Probe

The usual method of measuring the current in a conductor (e.g.,
wie., strut) is to use a ferrito-core current transformer. The conductor

is psssed through the core (i.e.. one-turn primary) an the voltuge induced

in a secondary winding is measured. The equivalent circuit for such a
current probe is shown in figure Sa. We assume a primary leakage •inductance

of Lp, a mutu4l inductance of N NsL0, and secondary leakage Inductance of•..S 0

I.,,. We wiIl first neglect the leakage inductances and L, The response

to a rapid change in primary current 1p. is to produce a secondavy current

given by

uh&ere N N /Up is the turns ratio, To drive this urrent through the

i:223
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b) Reflection in primary.

Figuro 5. Current prob•e.
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"resistor, a secondary voltage of

t 's IsR (3s)

7.. is required. To sustain thi5 secondary voltage, the net .flux in the core

must build up at the rate

2 dIl
4'dt SRS IS L 0 -d t- (36)

Therefore, the secondary voltage will decay according to the relationship

I R
N.Vstt)/ (37)

where Td Ns2 Lo/Rs. Similarly, the voltage reflected into the primary to

Sustain the constant primary curz~ent is given by
V pRS-t/d

N

If the input current is sustained, the magnetic flux may build up to the

saturation flux density, Osa Thi silP occur when

S¢St tf% dt V !fVdt (39)

Therefore, saturatiqn cn be expvessed as a voltage-time product for the

secondary circuit. Equivalentlf, fOE the primary circuit

Sat"I (30)

I If core saturation is a proolfs,' it is best solved by curent dividing so

that only a fractioa of the currvtc passes through the probe. CAre must be

taken to ensure that the probe iuse2tioa impednce is small compared to the

divider impedance.
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The leakage inductances limit the high frequency response of the cur-ent

probe by introducing an additional reactive impedance in series with the

primary and secondary circuits. This can be seen in figure Sb, which illus-

trates the equivalent circuit as reflected in the primary circuit with a

Thevenin equivalent source attached. If the current probe is not to perturb
2'

the current being measured, R/S/N should be small compared to Rp. The

effective rise time of current in the circuit can then be expressed as

..p (Ls/N 2 )]•R L-/ Rp

where Li is the insertion inductance.

Interference in current probes is principatly from iibalancod charge

transfer in the probe and photon-induced cable currents. This is best

represeated as an additional current in the secondary current. 4IS. If

we assuze the primary circuit is truly a cur rent source (i.e.. hig impedance)

all of the extra cu•rcnt vast flow through the resistor RS, producing an

error voltage 44 RsA1st This could be interpreted as- an err-on Wous

primary circuit current given by-

If tho primary drcuit has a fillite impo-Woda of Rp, the estra current will

be shtrwd berween PS ad RN This will produce xtra Current i e

pr ~ry ciro t Aazd a smaller error in the interpreted curretut

EWanples of current probes used at AUg1O&A are tho Tektronix Models

ca-i, a-z,, ad Singer 941061. Their characteristics ar SuOnaitcd in
table Z.
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4.4.2 Series Resistor

Another method of measuring a current is to convert it into a
voltage by inserting a series resistor. This technique is useful in low-

current high-impedance circuits where large series resistors (i.e., >10 Ohm)

are acceptable. Unless long-term response is needed (i.e., times longer

than Ns2 L/RS) a current probe is more convenient for modest-current appli-
cations.

5. MEASUREMENT OF AIR CONDUCTIVITY

5.1 Parallel Plate Ionieation Chamber

The ;conductivity of ionized air as a function of electric field
is a fundamental parameter determining the net electric and magnetic fields
in an ionized air volume. The simplest measuring device is a parallel plate

ionization chamber, otherwise known as a "pie-pan". A version used for
careful measurements of the attachment rate a, and mobility p, in air is

shown in figure 6. The double-sided geometry and radiation collimators are

used to minimize the effects of Compton transfer currents on the conductivity
measurement.

An ionization pulse produces electron-ion pairs at a rate of

dn

where Kg = 2.2,<10 9 P in air at 2930 K, and P is the pressure in atmospheres.

The electrons are removed by attachment at the rate of an; they drift under
the influence of an electric field, E, at a velocity 14. We will neglect
the effect of density gradients on the..electron transport-, We will also
neglect the motion of positive and negative ions, since the ion mobility
is small compared to the electron mobility.

28

,__._._____________-_______.____. ________ "_.......

V, .• •..•. . . .: , • - . .



RADIATION

SOURCE

i ) II
1 ~ Al

I Pb

,2 w7

L SIDE 29

G-AS
INLET

Figure 6. Schematic dlagram of the "pie pan" experiment.
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Consider first that a density of KgPD electrons are generated in a

pulse short compared to the attachment and sweep-out times. Attachment and

drift in an ion chamber with two sides, gap width, a, exposed area, A,

under an electric field, E, produces an external circuit current of

I(t) = 2eo 0 EA gPDet(l'Et/a). (44)

If the dose, D, is calibrated, the mobility can be calculated from the peak

current at t=O (before attachment or sweep-out). Given the mobility, a

sweep-out correction for the last factor can be performed and the remaining

current decay fitted to an exponential with a slope of l/a.

At higher pressures, the attachment time, 1/a, i.q comparable to the

ionization pulse width and the foregoing procedure does not work. In this

case the sweep-out correction (1-pEt/a) is almost always indistinguishable

from unity and we can use the total charge collected, Q foIdt to calcu-
0

late (t/Sc). Therefore,

Q EfIdt 2eo gPD(p/a) (45)

and Q~h ~ - (46)20 0M 9PD

There are serious limitations to the use of such ion chambers. They are:

1) At low electric fields the conduction current is masked by net

Compton transfer currents and photon-induced cable currents. With careful

collimation and shielding, measurements in air at 0.6 atm pressure were

performed at 141FX down to an applied voltage of 7 V/cm.1

2) At high electric fields and high doses the boundary layer of positive

charge near the anode (from which the electrons have been removed by drift-

ing) can absorb a significant fraction of the applied voltage. This process

decreases the electric field where the electrons are still driftiag. The

magnitude of the change in electric field can be expressed approximately as

30



ut e {1-e- ate- (47)

When most electrons are attached rather...than swept out, the asymptotic value

is expressed as

E W =U/2 (48)
E Ca 0"

This formula illustrates I that. the fractional change in electric field

increases with increasing electric field.

5.2 Microwave Absorption And Scattering

Microwave transmission is an effective means of measuring air

conductivity. At a microwave ax•gular frequency, w, the complex conductivity,

a, of a gas containing an electron density, n, that undergo momentum trans-

fer collisions at a rate, g, is described by

2
neo Lw + i (49)

+ lg"/w'

where M° is the electron mass. The real and imaginary portions of the con-

ductivity can be deduced from the attenuation and phase shift of a micro-

wave beam passing through the ionized gas. For example, in a waveguide of

transverse dimensions (a,b) excited by a TE01 mode, the propagation con-

stant in the ionized medium is ir + Y. where

Sif" i( 2/• 2
- f 2/a 2) (so)

is the expression for the propagation construt in the waveguide without air
conductivity, wid

describes the change introduced by the conductivity.

31
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The complex amplitude, A, relative to the value without conductivity,

after propagating down a uniformly ionized section of waveguide of leng-t

L can be calculated as a straightfobrard boundary value problem:

Ow 2
A = exp(-7L) 1 - 2 [1-exp(-2inL-2"L] . (52)

4r2 (1-j7'/r)

This attenuation and phase shift of the microwave beam can be deduced from

measurements with a microwave bridge.' Electron densities down to 10 im3

can be measured with this method.

More sensitive techniques use microwave cavities. These are not as

easily calibrated as a waveguide, but can detect electron densities smaller

by factors of 10 or more. Some of these are summarized in reference 4.
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